ABSTRACT: Simultaneous time-resolved SAXS and XANES techniques were employed to follow in situ the formation of Pd nanoparticles in a porous polystyrene support, using palladium acetate as a precursor and gaseous H 2 or CO as reducing agents. These results, in conjunction with data obtained by diffuse reflectance UV−vis and DRIFT spectroscopy and TEM measurements, allowed unraveling of the different roles played by gaseous H 2 and CO in the formation of the Pd nanoparticles. In particular, it was found that the reducing agent affects (i) the reduction rate (which is faster in the presence of CO) and (ii) the properties of the hosted nanoparticles, in terms of size (bigger with CO), morphology (spherical with H 2 , triangular-like with CO), and surface properties (unclean with CO). The importance of a multitechnique approach in following the whole process of metal nanoparticles formation clearly emerges.
INTRODUCTION
Metal nanoparticles (NPs) deposited on high-surface-area supports are strategic materials in catalysis; usually they show enhanced catalytic performances compared to homogeneous catalysts, due to the fact that the particle growth and aggregation are inhibited. Among heterogeneous catalysts composed of metal NPs, those based on Pd are largely employed in a number of applications, in combination with several supports having organic (such as carbons) or inorganic (Al 2 O 3 , SiO 2 , and others) nature. 1−7 In recent years, Pd NPs supported on porous polymers have become a promising class of catalysts because of their unique physical−chemical properties and attractive catalytic performances. 8−23 The polymer acts simultaneously as support and stabilizer, thanks to the dual effect of porosity (steric stabilization) and charged functional groups (electrostatic stabilization). 24−28 For this reason, Pd catalysts supported on polymers are more stable than the homogeneous counterparts; moreover, they are cheaper, easy to handle, and easily recovered.
Most of the preparation methods for polymer-supported Pd NPs involve the use of a weakly coordinated cationic precursor of Pd, which is impregnated onto the polymer and then reduced by means of hazardous reagents (such as hydrazine). The need for synthetic routes involving minimal reagents and mild reaction conditions was recently pointed out in order to make their industrial application feasible. 29 For this reason, in this work we explore the formation of Pd NPs starting from palladium acetate precursor inside a highly porous polymer (a cross-linked polystyrene), in the presence of H 2 or CO in the gas phase (low equilibrium pressure) as reducing agent. The structural, optical, and vibrational properties of the Pd/ polymer composite before and after H 2 reduction were already characterized in our previous work, 30 but a real-time monitoring of the evolution of the Pd NPs during the reduction process was missing, and the effect of CO as reducing agent was never explored. The in situ investigation of the Pd NP formation is of great interest because it is well-known that the size and shape of metal NPs depend on the kinetics of the nucleation and growth processes. 31 Hence, understanding the phenomena behind the NP formation is fundamental in order to tune the NP properties, and therefore their catalytic performances. 32 In order to follow in situ the reduction of the Pd acetate/ polymer composite in the presence of different reducing agents in the gas phase, we have applied simultaneously time-resolved small-angle X-ray scattering (SAXS) and X-ray absorption nearedge structure (XANES) techniques. Both time-resolved SAXS 33−39 and time-resolved X-ray absorption fine structure (XAFS) 34, 40 have been widely used in an independent way to measure the quantity (such as concentration or mass), the size, and the oxidation state of metal NPs in solution as a function of time, thanks to the efficient penetration of high energy synchrotron X-rays into the liquid media. Also a few works at present concern the simultaneous application of the two techniques to follow metal NP evolution in solution as a function of time. 41, 42 By contrast, time-resolved SAXS and X-ray absorption spectroscopy (XAS) techniques were rarely applied to investigate in situ the growth process of metal NPs onto solid supports in the presence of reducing agents in the gas phase 43−47 and, to the best of our knowledge, there are no examples in the literature of simultaneous in situ SAXS−XAS techniques applied to this purpose. On the basis of our previous experience on the importance of a multitechnique approach in the investigation of Pd NPs, 7,30,48−52 SAXS and XAS have been applied in conjunction with laboratory in situ techniques such as diffuse reflectance UV−vis (DR UV−vis) spectroscopy, diffuse reflectance IR spectroscopy (DRIFT), and transmission electron microscopy (TEM). Particular attention is devoted to the investigation of the different roles played by gaseous H 2 and CO in affecting the reduction rate as well as the properties of the obtained Pd NPs in terms of particle size and morphology.
EXPERIMENTAL SECTION
2.1. Preparation of Polymer-Supported Pd NPs. Poly(4-ethylstyrene-co-divinylbenzene) (Aldrich) was used as a support for Pd nanoparticles. A sketch of the polymer is reported in Scheme 1.
The 25% cross-linking with divinylbenzene (DVB) guarantees a high surface area (1000 m 2 g −1
) due to the contemporaneous presence of micropores (1−2 nm) and mesopores (2−50 nm). 30, 53 The starting Pd(II)−polymer composite was prepared by impregnation, stirring the polymer with an appropriate amount of palladium acetate in acetonitrile, resulting in a final Pd loading of 10 wt %. 30 After impregnation, the sample was filtered and dried at room temperature. We demonstrated previously that the palladium acetate precursor is incorporated into the polymer scaffold by retaining the trimeric structure characteristic of the bulk phase. In the absence of any functional group in the polymer, no chemical reaction occurs between the palladium acetate and the polymer. 30 In situ reduction of the Pd(II)−polymer to get Pd(0)-containing polymer was carried out in mild conditions in the presence of different reducing agents (H 2 and CO) in the gas phase. The reduction process was conducted in either dynamic or static conditions, depending on the experimental setup available for the different techniques employed for the in situ characterization. We notice that reduction is accomplished at low H 2 (or CO) equilibrium pressures. Further details are given in section 2.2.
2.2. Characterization Techniques. All the Pd-containing polymers were characterized in the powder state by a combination of experimental techniques. When possible, the reduction of Pd(II)−polymer into Pd(0)−polymer was monitored in situ, i.e., during the thermal treatment at increasing temperature in the presence of the reducing agent in the gas phase.
2.2.1. Diffuse Reflectance UV−Vis Spectroscopy. UV−vis spectra were collected in reflectance mode on a Varian Cary5000 instrument equipped with a reflectance sphere. The samples were measured in the form of powder in a devoted cell equipped with a bulb in optical quartz (suprasil), which allows thermal treatments to be performed, both in vacuum and in the presence of gases (in the 10 −4 −800 mbar range). The Pd(II)− polymer sample was measured in the fresh form and after prolonged degassing at room temperature. The subsequent in situ reduction procedure was performed in static conditions and consisted of the following steps: (i) interaction with the reducing agent (equilibrium pressure of about 100 mbar) at room temperature for 1 h; (ii) heating at a rate of 1°C/min up to 60°C and waiting at that temperature for 1 h; (iii) heating at a rate of 1°C/min up to 120°C and waiting at that temperature for 1 h. A UV−vis spectrum was collected after each step.
2.2.2. Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR spectra were collected in reflectance mode (DRIFT) on a Nicolet 6700 instrument, equipped with a MCT detector. A Thermo Fisher Environmental Chamber was adopted to record FT-IR spectra in reaction conditions. The Pd(II)− polymer sample was first degassed in a dynamic vacuum at room temperature down to 10 −3 mbar. Successively, the sample was contacted with the reducing agent at room temperature (equilibrium pressure of about 100 mbar) for 30 min, and then heated in the presence of the reducing agent (H 2 or CO) up to 160°C, at a heating rate of 2°C/min, and mantained at 160°C for 1 h. FT-IR spectra were recorded at regular time intervals during the whole reduction process. Finally, the cell was degassed at 160°C, and the temperature was brought down to room temperature.
In order to characterize the surface properties of the resulting Pd NPs, carbon monoxide was used as a probe, following a widely applied procedure as reported elsewhere. 49,51,54−60 Briefly, the Pd(0)-containing polymers were contacted in situ with CO (equilibrium pressure P CO = 50 mbar) and a FT-IR spectrum was collected. P CO was then gradually decreased stepwise from 50 to 10 −3 mbar, and the corresponding FT-IR spectra were recorded. The final FT-IR spectrum corresponds to CO species irreversibly adsorbed at room temperature. All the IR spectra have been converted from reflectance to Kubelka−Munk (K.M.) values.
2.2.3. Transmission Electron Microscopy. Transmission electron micrographs were obtained using a JEOL 3010-UHR instrument operating at 300 kV, equipped with a 2k × 2k pixel Gatan US1000 CCD camera. Samples were deposited on a copper grid covered with a lacey carbon film.
XAS−SAXS.
In situ XAS and SAXS measurements were carried out simultaneously on the BM26A beamline at the ESRF facility (Grenoble, France), using the experimental setup previously reported. 61, 62 The powdered samples were placed in a 2 mm glass capillary connected to gas flow, either CO (5%)/He or H 2 (5%)/He at 25 mL/min. During each reduction treatment, the temperature of the capillary was raised from 25 to 200°C using a heat gun, at a heating rate of 2°C/min.
Fluorescence XAS spectra at the Pd K-edge (24.3 keV) were collected with a nine-element Ge detector. The energy delivered by the double crystal Si(111) monochromator was calibrated measuring the XANES spectrum of a palladium foil in transmission mode. The spectra were normalized and treated with Athena software. 63 The SAXS patterns were collected
Scheme 1
The Journal of Physical Chemistry C using a 2D Mar detector. The sample−detector distance was calibrated with standard Ag behenate. The energy change between the start and the end of the XAS spectrum (about 120 eV) is irrelevant to SAXS, so the incident beam wavelength can be treated as constant, λ = 0.509(1) Å. The resulting q-range was 0.5− 7 nm −1 (q = 4π sin θ/λ, where θ is the X-ray scattering angle), allowing investigation of the 12.5−0.9 nm d-spacing interval. Each XAS spectrum was collected in about 300 s. As the readout and erasing time of the 2D Mar detector was 180 s, each XAS spectrum was collected with an integration time of 120 s; in such a way we obtained a 1 to 1 correspondence between XAS spectra and SAXS patterns. The patterns were integrated with Fit2D and modeled using a homemade code. 64 
RESULTS AND DISCUSSION
3.1. Reactivity of Pd(II)−Polymer toward H 2 and CO As Monitored by UV−Vis Spectroscopy. As anticipated, the routes usually described in the literature to prepare supported metal NPs use organic solvents, hazardous reagents (such as NaBH 4 or hydrazine), stabilizing agents, or harsh conditions.
65−67
Herein, we turned our attention toward a reduction route involving minimal reagents and mild conditions (in terms of temperature and pressure). Among the simplest reducing agents we selected H 2 and CO gases. It is generally accepted that palladium acetate is reduced by H 2 according to the overall chemical eq 1: the reaction is stoichiometric and acetic acid is the only byproduct.
The reaction of palladium acetate with CO is less established and strongly depends on the conditions at which it is carried out. It has been reported that palladium acetate in glacial acetic acid is carbonylated at 323 K in the presence of CO (P CO = 1 atm) according to reaction 2, to give yellow crystals of the Pd 4 (μ-CO) 4 -(μ-OAc) 4 complex, in which Pd is formally in the +1 oxidation state; acetic anhydride is the main byproduct.
68, 69 The formation of other polynuclear Pd(+1) carbonyl carboxylates was also reported in the literature, 70−73 as well as the complete reduction of palladium acetate to Pd(0) by CO in organic solutions, involving the formation of CO 2 as a byproduct, as described in eq 3.
68
In the Pd(II)−polymer sample investigated herein, palladium acetate is highly dispersed in the polymer matrix, which can act as a stabilizer, as well as a templating agent, for Pd-based clusters. The interaction of palladium acetate with the polymer is expected to affect the chemistry of the Pd complex. For example, both the reducibility of supported palladium acetate and the final products could be different from that observed for palladium acetate in solution. The reactivity of the Pd(II)− polymer toward H 2 and CO at increasing temperature is testified by the observation that the color of the sample gradually turns from orange to dark brown, indicating that the Pd(II)−polymer is converted into Pd(0)−polymer. To confirm the formation of Pd nanoparticles, diffuse reflectance UV−vis measurements were performed. Figure 1 shows the DR UV−vis spectra of fresh Pd(II)−polymer (black spectra) and of the same sample after thermal treatment in the presence of H 2 ( Figure 1a ) and CO ( Figure 1b ) at different temperatures, up to 120°C (red spectra); the spectrum of the pure polymer is reported for comparison (dotted gray). The UV−vis spectrum of the fresh sample is dominated by a broad absorption band centered around 360 nm, having a pronounced tail extending down to 600 nm. This absorption band is characteristic of the palladium acetate precursor and is assigned to a ligand-to-metal charge transfer transition from the acetate ligands to the Pd(II) ions. 74, 75 The UV−vis spectrum of Pd(II)−polymer does not change after exposure of the sample to H 2 at room temperature, even after 1 h of waiting ( Figure 1a ). On the contrary, an evident change is observed after the same time of exposure to CO at room temperature ( Figure 1b ). These data suggest that the activation energy for reduction of Pd(II)−polymer is lower in the presence of CO than of H 2 .
Upon heating Pd(II)−polymer in the presence of both H 2 and CO, the growth of an almost featureless absorption band in the visible range is observed, which indicates the formation of Pd nanoparticles. 76, 77 This absorption is related to the excitation of the surface plasmon resonance (i.e., coherent oscillation of the conduction band electrons induced by the interacting electromagnetic fields) that, for Pd nanoparticles, 78 is much less defined than for other metals such as Cu, Ag, and Au. 79, 80 The intensity of the UV−vis spectra evaluated at 500 nm is plotted as a function of the reduction temperature in the inset of Figure 1 , for both H 2 and CO reducing agents. It is evident that Pd(II)−polymer is reduced at a lower temperature by CO than by H 2 . Moreover, the two final spectra (obtained after heating at 120°C in the presence of the reducing agent, red spectra in Figure 1 ) are quite different. In particular, the spectrum of the Pd(0)−polymer obtained in the presence of CO shows a well-defined maximum at 500 nm, whereas a much broader spectrum is observed for Pd(0)−polymer obtained in the presence of H 2 .
The UV−vis data shown in Figure 1 provide clear evidence that both H 2 and CO convert the Pd(II)−polymer into Pd(0)− polymer; however, the reduction rate and the properties of the final Pd NPs are affected by the reducing agent. In order to get further insights into the mechanism of Pd(II)−polymer reduction, we performed a series of measurements in reaction conditions by means of FT-IR spectroscopy and simultaneous SAXS−XAS techniques, coupled with ex situ TEM analysis. The results obtained in the presence of H 2 will be discussed at first, followed by those obtained in the presence of CO. Figure 2 (black) in comparison to that of pure polymer (dotted gray) in the 1700−1300 cm −1 region, which contains the characteristic absorption bands due to the acetate ligand. No changes are observed in the vibrational modes of the hosting polymer after the introduction of the palladium acetate precursor, but only the appearance of a few additional IR absorption bands due to the vibrational modes of the acetate groups. In particular, the strong IR absorption bands around 1570 and 1425 cm −1 are assigned to υ as (COO) and υ s (COO) of trimeric palladium acetate.
81−83
The IR spectrum of Pd(II)−polymer does not change in the presence of H 2 at room temperature (in agreement with UV− vis data), whereas the IR absorption bands characteristic of the acetate groups gradually decrease in intensity upon heating of the sample in the presence of H 2 (gray spectra in Figure 2 ), up to disappearing at 160°C (red spectrum in Figure 2 ). The intensity of the IR absorption band at 1425 cm −1 (characteristic of the acetate groups) is reported as a function of the temperature in the inset of Figure 2 . It is evident that reduction of Pd(II)−polymer occurs in two main steps: at lower temperature the reduction rate is quite slow (step 1 in the inset of Figure 2 ), whereas at higher temperature reduction proceeds faster (step 2 in the inset of Figure 2 ). As previously observed, a complete removal of the acetate groups is achieved at 160°C (compare the red and the dotted gray spectra). The data shown in Figure 2 provide evidence that palladium acetate is reduced by H 2 according to the overall chemical reaction, eq 1; the byproduct (acetic acid) is likely desorbed at the reaction temperature and hence it is not detectable by FT-IR spectroscopy. It is important to notice that full reduction is obtained at lower temperature (120°C) when a slower heating rate (1°C/min) is employed, in agreement with UV−vis results (i.e., the heating rate influences the speed of palladium acetate reduction).
The properties of the Pd nanoparticles obtained at the end of the reduction process monitored by FT-IR spectroscopy (data shown in Figure 2 ) were investigated by means of (i) TEM, which gives direct evidence of the shape and dimension of the Pd nanoparticles, and (ii) FT-IR spectroscopy of adsorbed CO, which offers information on the surface properties of the metal nanoparticles. 49 Figure 2 . Very small Pd nanoparticles with a spherical shape and a homogeneous size are observed; most of them have a diameter smaller than 2 nm and are hardly detectable by our TEM instrument. In some regions of the sample a few bigger particles (larger than 15 nm) were also detected (an example is shown in Figure 3a) . It is important to observe that (i) the big particles are rare, hence they do not affect the DRIFT results that probe the surface Pd atoms only, and (ii) these particles cannot be observed by SAXS, because the 2θ min (hence the q min ) was too high, resulting in a d max cutoff at 12.5 nm. On the contrary, even a small number of large particles have a strong influence on the XAS data, 51 as it will be discussed later. Figure 3b shows the background subtracted FT-IR spectra of CO adsorbed at room temperature on the same sample observed by TEM, as a function of the CO coverage. The IR spectrum collected at the highest CO coverage (bold black) is characterized by two main absorption bands at 2081 and 1944 cm −1 , which are assigned to linear (terminal) and bridged carbonyl species, respectively. 54−56 The two absorption bands have similar intensities. It was previously demonstrated that the relative proportion of linear and bridged adsorbed carbonyls correlates with the size and the surface regularity of the Pd particles. In particular, small and amorphous metal particles exhibit prevalently linear CO species, whereas an increase in the particle size results in a greater number of bridged carbonyls. 30,54,57,84−86 Therefore, the spectra in Figure 3b suggest that the Pd particles obtained by reduction of Pd(II)−polymer in H 2 present a high level of defectivity. The adsorbed carbonyls are easily reversible upon degassing at room temperature (from gray to red spectra). The absorption bands due to linear and bridged carbonyls decrease in intensity and gradually downward shift upon lowering of the CO coverage. The easy reversibility of adsorbed CO reveals that the polymeric support plays an "active" role and competes with CO in interacting with Pd nanoparticles. 30, 87 Pd(0)−polymer samples obtained by reducing Pd(II)− polymer in H 2 at a different heating rate are very similar in terms of particle shape and size, as well as in terms of exposed surface sites and defectivity. Therefore, it can be stated that the heating rate affects the speed of Pd(II)−polymer reduction, but not the final properties of the obtained Pd nanoparticles.
3.2.2. Simultaneous SAXS−XAS Experiment in Reaction Conditions. Simultaneous SAXS and XAS techniques were simultaneously applied to get combined information on the evolution of the Pd oxidation state, the size of the formed Pd NPs, and the quantity of Pd contributing to the total scattering as a function of both time and temperature. A summary of the results is shown in Figure 4 . In particular, Figure 4a ,e shows the evolution of XANES spectra and SAXS patterns at the Pd K-edge, collected simultaneously during thermal treatment of Pd(II)−polymer in H 2 from room temperature (black) to 160°C (red). Figure 4b shows the derivative of the XANES spectra; the evolution of the A and B features is displayed in Figure 4c ,d. Figure 4f shows the particle size distribution as determined by the analysis of SAXS data, whereas Figure 4g ,h reports the evolution of the mean metal cluster dimension and its relative amount with respect to the background obtained by the analysis of the SAXS data.
During the thermal reduction of Pd(II)−polymer in H 2 , the XANES spectra (Figure 4a ) evolve clearly from that characteristic of palladium acetate in the fresh sample (black spectrum) to a spectrum characteristic of Pd(0) at the end of the heating ramp (red spectrum). 30 The edge gradually shifts toward lower energy (down to the Pd metal value) and the white line decreases in intensity. Simultaneously, the appearance of three isosbestic points at 24 369, 24 386, and 24 404 eV testifies that Pd(II) species are transformed into Pd(0) ones. Formation of Pd NPs is further demonstrated by the growth of the band at 24 393 eV, which is the first EXAFS oscillation of Pd atoms arranged in a fcc local structure. 30 The evolution of the XANES spectra is better appreciated by looking at the derivative curves (Figure 4b ). Figure 4c ,d reports the evolution of features A and B as a function of the temperature. A shift in the energy position of feature A is correlated with an energy shift of the edge and therefore to a change in the oxidation state of Pd species. The energy position of feature A changes very slowly below about 100°C (step 1), whereas a faster change is observed in the 100−160°C range (step 2). No further changes in the position of feature A are observed above 160°C (step 3 in Figure 4c ). These data are in fair agreement with the FT-IR ones shown in Figure 2 , and they confirm that (i) Pd(II)−polymer heated in the presence of H 2 is completely reduced to Pd(0)−polymer around 160°C and (ii) the reduction process is slower in a first induction period (below 100°C), whereas it proceeds faster above about 100°C. The disappearance of the IR absorption bands assigned to the acetate groups ( Figure 2) correlates well with the reduction of Pd(II) to Pd(0) observed by XANES.
The change in intensity of feature B corresponds to a change in the slope of the XANES spectra at the isosbestic point at 24 386 eV. As summarized in Figure 4d , feature B grows in intensity upon increasing temperature. Also in this case the reduction step is slower below about 100°C (i.e., an induction period is observed), and then it proceeds faster at higher temperatures. Also the growth of feature B monitors the conversion of Pd(II)−polymer into Pd(0)−polymer. In addition, the intensity of B contains also information on the particle size of the formed Pd NPs, because the first EXAFS oscillation is intrinsically influenced by the relative ratio of Pd atoms on the surface and in the bulk. However, decoupling of the two pieces of information is very difficult. In this regard, it is important to observe that XANES data are averaged over all the Pd atoms contained in the sample. Since large particles contribute to feature B much more than small particles (due to the number of atoms scaling as the third power of size), the constant increase of feature B with temperature could reflect the growth of a few, larger, particles in the sample (as detected by TEM).
Complementary information on the Pd particle size can be obtained by the analysis of the SAXS data collected simultaneously to the XANES spectra. Figure 4e shows the I(q) vs scattering vector q in the logarithmic scale of Pd−polymer at the beginning (black) and at the end (red) of the heating ramp in H 2 . The two SAXS patterns look very similar because they are dominated by the scattering of the porous polymer. Superimposed to the experimental patterns, two additional curves are reported: (i) the background (light gray), modeled with a Porod function of the type A + B/q 4 , with A and B constants, and (ii) the theoretical signal obtained by considering a distribution of spherical particles in decoupling approximation (dotted line). It is worth noticing that it was not possible to use the SAXS curve of the pure polymer as a background, because the introduction of palladium acetate affects the overall scattering properties. However, a blank experiment was performed to exclude that the polymer itself is modified during the heating ramp in H 2 ; the SAXS profiles of the bare polymer do not change, thus confirming that all the changes observed during the experiment performed on Pd(II)−polymer are due to the Pd phase. The relevant structural parameters deduced from the modeling of the SAXS data are shown in Figure 4g ,h as a Figure 4g shows the evolution of the average particle diameter; the corresponding size distributions are shown in Figure 4f . Finally, Figure 4h shows the contribution of the spherical particles with respect to the modeled background. At the beginning, the spherical particles contributing to the I(q) signal are composed of palladium acetate; their average diameter is 2.3 ± 0.2 nm and the particle size distribution is quite broad. It is evident that during the induction period (i.e., below about 100°C) both the average diameter and the number of Pd particles contributing to the total scattering remain constant. Above 100°C a gradual decrease in the average particle size, a narrowing in the particle size distribution, and an increase in the number of particles contributing to the SAXS signal are observed. At the end of the heating ramp, Pd nanoparticles having an average diameter of 2.0 ± 0.2 nm are obtained, in fair agreement with the TEM results shown in Figure 3a . The relatively small changes undergone by the SAXS curves during the heating ramp suggest that reduction of palladium acetate in the polymer occurs without modifying the polymer cavities in which it takes place. An average shrinking of the original Pd-based particles is observed, in agreement with the higher density of metal Pd with respect to palladium acetate. It is important to observe that the few big particles (diameter larger than 10 nm) observed by TEM (and mainly contributing to the increase of feature B in the XANES spectra) could not be detected by SAXS in the available q range. Therefore, SAXS data refer only to the majority of small Pd nanoparticles having a quite homogeneous size distribution and hardly detected by TEM. In this sense, SAXS is a necessary complement to TEM characterization.
3.3. Reduction of Pd(II)−Polymer by CO Followed in Reaction Conditions. 3.3.1. DRIFT Spectroscopy in Reaction Conditions and ex Situ TEM. The same set of experiments discussed in section 3.2 were performed during transformation of Pd(II)−polymer into Pd(0)−polymer using CO as reducing agent. At first, the reduction of palladium acetate in the presence of CO was monitored as a function of temperature by means of FT-IR spectroscopy in reflectance mode. Oppositely to what is observed in the presence of H 2 and in agreement with the UV−vis data shown in Figure 1 , the IR spectrum of Pd(II)−polymer starts to change in the presence of CO already at room temperature. The decrease in intensity of the IR absorption band at 1425 cm −1 (characteristic of acetate groups) as a function of temperature is reported in the inset of Figure 5a . Also in this case reduction of Pd(II)−polymer is quite slow during step 1, whereas at higher temperature reduction proceeds faster. An almost complete reduction is achieved at 160°C.
The FT-IR experiment performed in the presence of CO gives additional information. As a matter of fact, CO may not only act as a reducing agent, but also as a stabilizer of the partially reduced Pd clusters (see section 3.1), and as a probe for the surface properties of the formed Pd NPs. Therefore, it is of particular interest to look at the FT-IR spectra not only in the 1700−1300 cm −1 region, but also in the 2200−1700 cm
region, where carbonyl species give their contributions ( Figure  5a ). The IR spectrum at the beginning of the heating ramp (black) shows a broad absorption band at 2115 cm
, assigned to CO adsorbed on Pd(II) species (likely, a few defect sites in palladium acetate particles). 88−93 This band decreases in intensity upon increasing temperature, without completely disappearing. Simultaneously, a complex series of IR absorption bands appear in two main regions: (i) 2000−1900 cm , characteristic of organic carbonyls. These latter IR absorption bands are assigned to CO-containing byproducts, such as acetic anhydride (whose spectrum is also reported in Figure 5 for comparison), adsorbed on the sample.
Interpretation of the IR absorption bands in the 2000− 1900 cm −1 region is more difficult, also because they evolve as a function of temperature (an isosbestic point at 1945 cm −1 is observed). However, the following considerations can be done: (i) the total intensity of the IR absorption bands in the υ(CO) region is much lower than that observed when CO is used as a probe of the Pd nanoparticles obtained by reducing Pd(II)− polymer in H 2 ; (ii) the IR absorption bands in the υ(CO) region are very narrow and compatible (at least in part) with those expected for Pd 4 (CO) 4 (OAc) 4 or analogous clusters. 94 The total intensity might be a consequence of the higher adsorption temperature, but also of a minor amount of surface sites available for CO adsorption. A second experiment was performed in order to separate the two effects: after the CO-reduction step, the sample was cooled at room temperature and CO was adsorbed. The new FT-IR spectra (not shown) are still one order of magnitude less intense than those obtained on the sample reduced in H 2 , demonstrating that the accessible surface area is much smaller for Pd nanoparticles obtained in CO. In conclusion, FT-IR spectroscopy in reaction conditions allows simultaneous monitoring of (i) the reduction of palladium acetate, (ii) the formation of CO-containing byproducts (which are irreversibly adsorbed even after degassing at 160°C), and (iii) the formation of carbonyl species on Pd clusters, whose nature can vary from Pd(I) acetate clusters to Pd(0) nanoparticles with unclean surfaces.
TEM images (Figure 5b ) reveal that the Pd NPs formed upon reducing Pd(II)−polymer in CO are different from those formed in the presence of H 2 . In particular, they are larger and show peculiar morphologies, such as triangles and hexagons. These morphologies were observed for both the smaller and bigger particles. In this respect, it has been recently reported that Pd nanoparticles exhibiting unusual triangular shapes are generated when palladacycle complexes or palladium acetate in solution are treated with CO at room temperature. 95 Also CO reduction of Pd(II) compounds in toluene in combination with stabilization by amphiphilic polymers was reported to selectively afford dispersions of hexagonal platelets. 13 The phenomenon observed in our case is similar, although it occurs entirely at the solid/gas interface, and not in solution. It is likely that the observed shapes are specific to the reduction process of palladium acetate with CO, in combination with a polymer (or a solvent) that adsorbs to certain crystal faces and thus promotes specific crystal growth. 13 In conclusion, the DRIFT results shown in Figure 5a suggest that intermediate unstable palladium−carbonyl complexes are involved.
3.3.2. Simultaneous SAXS−XAS Experiment in Reaction Conditions. Figure 6a ,e shows the evolution of Pd K-edge XANES spectra and SAXS patterns, simultaneously collected during thermal treatment of Pd(II)−polymer in CO from room temperature (black) to 160°C (red). The XANES spectra (Figure 6a ) evolve as a function of temperature in a way similar to what occurs in the presence of H 2 : the starting spectrum, typical of palladium acetate, is gradually transformed into a spectrum characteristic of Pd(0). It is worth noticing that the possible presence of Pd(I) intermediate species cannot be excluded, since the XANES spectra of Pd(I) species usually do not display distinguishable features and are very similar to that of Pd(0). 47 The evolution of features A and B as a function of temperature is shown in Figure 6c ,d. Reduction of Pd(II)− polymer occurs in a double step, in fair agreement with the FT-IR results shown in Figure 5a : the reaction is slow during step 1 (below 100°C), although faster than in the presence of H 2 ; above 100°C the reaction is faster, and complete reduction is achieved around 160°C. A constant growth in the intensity of feature B is observed in the whole temperature region, and the final value is bigger than that observed after reduction of Pd(II)−polymer in H 2 . This observation suggests that the final Pd nanoparticles have a bigger size, although a direct extrapolation of the particle dimension from the intensity of the first EXAFS oscillation is not straightforward. As already discussed in previous sections, XANES data are averaged on all the Pd present in the sample; bigger particles contribute to the intensity of feature B more than smaller particles.
The SAXS data collected simultaneously to the XANES spectra are shown in Figure 6e . Also the theoretical curves corresponding to the background (light gray) and to a distribution of spherical particles (dotted) are reported. The evolution of the main structural parameters as a function of temperature, as obtained from the spherical model fitting, are reported in Figure 6g ,h. The phenomena observed during transformation of Pd(II)−polymer into Pd(0)−polymer in CO are completely different from those observed in the presence of H 2 . In particular, (i) the average particle diameter increases over the whole temperature range, faster during step 2 (Figure 6g ), (ii) the particle size distribution becomes broader (Figure 6f) , and (iii) the number of particles contributing to the overall I(q) signal decreases (Figure 6h ). It is important to observe that, also in this case, since the experimental setup was suited for small particles, SAXS data can reveal only particles smaller than 10 nm in diameter.
CONCLUSIONS
Pd NPs were formed inside a porous (highly cross-linked) polystyrene scaffold upon gas-phase reduction of palladium acetate precursor. Gaseous H 2 and CO were used as reducing agents. The process was monitored by means of time-resolved SAXS and XANES techniques, simultaneously applied in reaction conditions, in conjunction with DR UV−vis and DRIFT spectroscopies and TEM measurements. It was found that the reduction process proceeds in two steps in the presence of both H 2 and CO gases, slower below about 100°C, and faster above. In both cases, complete reduction of palladium acetate is achieved at 160°C. The reducing agent affects both the speed of palladium acetate reduction and the properties of the obtained Pd NPs. In particular, the following occur:
(i) Reduction of palladium acetate starts at lower temperature (already at room temperature) and proceeds faster in the presence of CO than with H 2 .
(ii) The Pd NPs are bigger when formed in CO and show peculiar morphologies (triangles and hexagons), whereas those formed in H 2 are smaller and spherical in shape. (iii) Pd NPs formed in CO have unclean surfaces, probably as a consequence of residual byproducts (such as acetic anhydride) that are not desorbed at the reduction temperature.
The reason for the different properties of the formed Pd NPs has to be searched for in the different mechanism of palladium acetate reduction. It is likely that, in the presence of CO, Pd acetate carbonyl intermediates are formed, where CO acts as structure-inducing agent, promoting the crystal growth in specific directions. These results might have interesting perspectives in catalysis, since it is well documented that for metal nanoparticles the catalytic reactivity is dependent not only on the size control (and size distribution) but also on the exposure of the right planes.
As a general conclusion, the present work demonstrates that, when dealing with the characterization of metal NPs, most of the employed techniques have some limitations. However, a synergic combination of multiple complementary techniques, possibly applied in reaction conditions, allows overcoming the problems and obtaining a clear picture of the entire process that leads from the metal precursor to metal NPs. 96 
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